Background and Purpose-Large epidemiological studies have not established cholesterol levels as a risk factor for ischemic stroke, but recent clinical trials have demonstrated a reduction in the ischemic stroke rate for patients taking HMG-CoA reductase inhibitors ("statins"). The goal of this study was to evaluate whether total cholesterol (TC), high-density lipoprotein (HDL), triglycerides, and the TC:HDL ratio are risk factors for ischemic stroke in apparently healthy men enrolled in the Physicians' Health Study. Methods-We used a nested case-control study design and matched 296 ischemic stroke cases with an equal number of controls on age, tobacco use, and follow-up time. At baseline, TC, HDL, and triglyceride levels were measured. We calculated odds ratios (ORs) and their 95% confidence intervals (CIs) using conditional logistic regression, adjusting for major risk factors for ischemic stroke. Results-Compared with the reference lowest quartile, the highest quartile for TC had an adjusted OR of 1.56 (95% CI, 0.84 to 2.92), the highest quartile of HDL had an adjusted OR of 0.75 (95% CI, 0.43 to 1.30), and the highest quartile of triglycerides had an adjusted OR of 1.07 (95% CI, 0.63 to 1.82). Although the highest quartile of the TC:HDL ratio had an adjusted OR of 1.62 (95% CI, 0.93 to 2.82), the risk of ischemic stroke was not a linear relationship. Conclusions-After adjustment, TC, HDL, and triglycerides were not significantly associated with ischemic stroke risk, and for the TC:HDL ratio, a suggestion of increased risk of ischemic stroke was limited to those with the highest levels.
T here are Ͼ700 000 incident strokes in the United States annually, and stroke is the third-leading cause of death. 1 In addition, survivors of stroke are often disabled, leading to an estimated annual cost of care exceeding $50 billion. 1 Eighty percent of total strokes in the United States are due to an ischemic event, with the remainder due to hemorrhagic or unknown causes. 2 Although elevated total cholesterol (TC) and low high-density lipoprotein (HDL) are clearly established risk factors for coronary heart disease, 3 observational studies have yielded mixed results for lipid levels and cerebrovascular disease risk. 4 -7 In a meta-analysis, early lipid-lowering clinical trials found no benefit of cholesterol lowering on the risk of stroke (relative risk [RR], 1.0; 95% confidence interval [CI] , 0.8 to 1.2), 8 but results from statin intervention trials demonstrate a consistent reduction in the ischemic stroke rate. 9 -14 The beneficial effect of statins on ischemic stroke may be mediated by changes in cholesterol levels.
The association of cholesterol levels with ischemic stroke in prior epidemiological studies may have been attenuated because of the inability to differentiate between cholesterol components and stroke subtype. 15 Therefore, we evaluated whether TC, HDL, triglycerides, and the TC:HDL ratio are risk factors for ischemic stroke in a nested case-control study consisting of men free of cardiovascular disease at baseline and followed up prospectively for a median of 11.5 years.
Methods

Study Population
Study subjects were participants in the Physicians' Health Study (PHS), a completed randomized trial of low-dose aspirin and beta-carotene in the primary prevention of cardiovascular disease and cancer. The design and methods of the PHS have been described in detail previously. 16 -18 Briefly, the PHS consisted of 22 071 apparently healthy male physicians without prior history of cardiovascular disease, cancer (except nonmelanoma skin cancer), current liver disease, kidney dysfunction (defined as kidney failure or insufficiency), or other major illnesses. Baseline information was self-reported and collected by mailed questionnaire on demographic, medical history, and lifestyle characteristics, including information about alcohol consumption, age, height, weight, systolic and diastolic blood pressures, history of angina pectoris, diabetes mellitus, history of hypertension, history of hyperlipidemia, medication use, exercise, and cigarette smoking. Every 6 months for the first year and annually thereafter, the participants were mailed follow-up questionnaires requesting information about newly diagnosed conditions, including stroke and transient ischemic attack. Morbidity and mortality data were available for Ͼ99% of the study participants through March 2001. Deaths were usually reported by family members or by the postal authorities and were verified by a review of all available medical records, death certificates, and eyewitness accounts if relevant.
Baseline Blood Collection
At baseline, all participants were asked to voluntarily provide blood samples. Blood collection kits, including EDTA Vacutainer tubes, were sent to participants. Participants were instructed to have their blood drawn into the EDTA tubes and to return the plasma (accompanied by a cold pack) by overnight courier. The paired, blinded plasma samples were shipped on dry ice to the Core Laboratory of the Children's Hospital (a Centers for Disease Control and Prevention-certified laboratory for lipid testing) for analysis of triglycerides, TC, and HDL cholesterol using reagents from Roche Diagnostics and Genzyme. Of the 22 071 participants, 14 916 (68%) provided random baseline plasma samples.
Evaluation of Stroke
All participants who reported an incident stroke on a questionnaire were asked permission to review their medical records. The End Points Committee confirmed a diagnosis of stroke only after review of medical records and results of diagnostic tests. Stroke was defined as a focal neurological deficit of sudden onset and vascular mechanism that lasted Ͼ24 hours. Documentation of stroke required evidence of a cerebrovascular mechanism obtained from all available sources, including death certificates and hospital records. Stroke was classified according to the criteria established by the National Survey of Stroke 19 into ischemic, hemorrhagic, and unknown subtype. Stroke classification was performed on the basis of medical records, reports of brain imaging, and the judgment of the neurologist on the End Points Committee. Only first cases of stroke were considered for these analyses. We did not attempt to distinguish embolic from thrombotic stroke. There was a high level of interobserver agreement in the diagnosis of hemorrhagic and ischemic stroke throughout the study. 20, 21 
Selection of Ischemic Stroke Cases and Controls
Cases were defined as confirmed ischemic strokes through March 2001. Seventy percent of the ischemic stroke cases initially provided baseline blood samples, and this analysis included 296 cases of fatal and nonfatal ischemic stroke with baseline blood samples. For each case, 1 control subject was selected. Potential controls included all participants free of stroke through the time of the stroke case and for whom baseline blood samples were available. Controls were selected randomly from study participants who met the matching criteria of age (Ϯ1 year), smoking status (never, former, current), and follow-up time (6 months for the first year and annually thereafter). Those who reported taking medication for hyperlipidemia at baseline were not included in this prospective, nested case-control study.
Laboratory Analyses
TC, HDL, and triglycerides were assayed in the Lipid Research Laboratory of Brigham and Women's Hospital (Boston, Mass). 22, 23 This laboratory participates in the standardization program for TC and HDL cholesterol of the Centers for Disease Control and Prevention and the National Heart, Lung, and Blood Institute. At least 1 blinded pair from a pooled plasma sample was included in each batch of 40 specimens. Pooled plasma specimens were stored under the same conditions as those from participating physicians. The coefficients of variation from these blinded samples were as follows: TC, 1.2%; HDL, 2.7%; and triglycerides, 4.8%. Laboratory personnel were blinded to subjects' status (case versus control). 
Statistical Analysis
Means for baseline characteristics were compared for cases and controls through the use of Student's t test. We calculated randomization-assignment (aspirin, beta-carotene, both, or neither) adjusted and multivariable-adjusted odds ratios (ORs) and their 95% CIs by using conditional logistic regression models that accounted for the matching variables (age, tobacco use, and follow-up time). The multivariable models controlled for random treatment assignment (aspirin, beta-carotene, both, or neither), body mass index (continuous), history of hypertension (defined as systolic blood pressure Ն140 mm Hg, diastolic pressure Ն90 mm Hg, or treatment of hypertension), history of diabetes, alcohol use (daily, weekly, monthly, rarely/never), and exercise (Ն2 times per week, Ͻ2 times per week, and rarely/never). All probability values were 2 tailed, and 95% CIs were calculated. We categorized the exposure groups into quartiles based on the distribution of TC, HDL, triglycerides, and TC:HDL ratio found in the control population. Using these cutoffs, we were able to compare increasing quartiles of exposure with the reference first quartile. When we substituted blood pressure measures in place of our dichotomous hypertension variable in the multivariable models, the results were not materially changed. All statistical analyses were performed with SAS version 8.1. Table 1 shows the baseline characteristics of the 296 ischemic stroke cases and matched controls. As expected, cases of ischemic stroke were more likely to have a history of hypertension, a history of diabetes, and a higher body mass index. Exercise and alcohol use were similar in the 2 groups. Cases were more likely to have a history of hyperlipidemia. Because of our matching criteria, cases and controls were similar in age and tobacco use. Baseline TC, HDL, triglyceride level, and the TC:HDL ratio were compared in cases and controls (Table 2) . Mean TC was similar (Pϭ0.44), but the mean HDL level was significantly lower in cases than in controls (49.0 versus 52.4 mg/dL; PϽ0.01). In these nonfasting blood samples, the mean triglyceride level was higher in cases than in controls (PϽ0.01). The mean TC:HDL ratio was also significantly higher in cases than in controls (PϽ0.01). Table 3 presents the RRs and 95% CI levels for ischemic stroke according to increasing quartiles of TC, HDL, triglyceride level, and TC:HDL ratio. For TC, there was no significant relationship with risk of ischemic stroke across quartiles, although in the highest quartile in the multivariable model there was the suggestion of excess risk compared with the lowest quartile (OR, 1.56; 95% CI, 0.84 to 2.92). In the multivariable model, the highest quartile of HDL was not statistically associated with a lower stroke risk (OR, 0.75; 95% CI, 0.43 to 1.30), and nonfasting triglyceride levels in the highest quartile were not associated with a higher ischemic stroke risk (OR, 1.07; 95% CI, 0.63 to 1.82). Increasing levels of TC:HDL ratio did not demonstrate a linear relation; however, the highest quartile had the suggestion of an increased risk of ischemic stroke, which did not reach statistical significance (multivariable OR, 1.62; 95% CI, 0.93 to 2.82). In an analysis of the 15 cases of ischemic stroke in the 95th percentile of TC:HDL ratio (Ͼ7.81), the treatmentadjusted OR was 5.84 (95% CI, 1.59 to 21.4) while the multivariable adjusted OR was 3.41 (95% CI, 0.86 to 13.58), consistent with a threshold above which the TC:HDL ratio has an increased risk of ischemic stroke.
Results
Discussion
In our study of apparently healthy men without prior evidence of coronary or cerebrovascular disease, TC, HDL, and triglyceride level were not risk factors for ischemic stroke. The highest quartile of the TC:HDL ratio had a suggestion of increased risk, but there was not a linear trend across quartiles. Mean HDL, triglycerides, and TC:HDL ratio were significantly different in the cases compared with controls, and several ORs that were significant in the simple matched analysis lost significance in the multivariable models.
Prior observational studies have been inconclusive in identifying a relationship between cholesterol components and stroke risk. The Multiple Risk Factor Intervention Trial (MRFIT) found an association between high serum cholesterol levels and nonhemorrhagic fatal stroke. 24 A meta-analysis found no association between TC and stroke, but that study was unable to distinguish between ischemic and hemorrhagic stroke. 15 Another study found an association only between the highest 5% of TC levels (Ͼ269 mg/dL) and subsequent ischemic stroke in smokers. 25 In an observational study of subjects with coronary heart disease, TC levels were associated with risk of ischemic stroke (RR, 1.43; 95% CI, 1.20 to 1.70), 26 whereas another study in subjects without known coronary heart disease did not show an association with plasma lipids. 7 Because of the inconsistent observational data, lipids have not been recognized as a risk factor for stroke. 1,26 -28 HDL may be protective against stroke, particularly nonfatal stroke 28 and ischemic stroke in the elderly. 29 In patients with coronary heart disease, risk of ischemic stroke has been inversely related to the highest tertile of HDL level (RR, 0.84; 95% CI, 0.70 to 1.00), 26 but although a low HDL level is clearly a risk factor for CHD, the relationship with ischemic stroke is still unclear. Although the TC:HDL ratio is a predictor of cardiovascular disease, which contains both an atherogenic and an antiatherogenic lipid component, 23, 30, 31 the TC:HDL ratio has not been as widely studied in association with ischemic stroke. Clinical trials with HMG-CoA reductase inhibitors have demonstrated reduced cardiovascular events and fewer ischemic strokes, possibly indicating a lipid mechanism common to both outcomes. 3, [32] [33] [34] [35] [36] A meta-analysis of statin trials found a significant reduction in the stroke event rate (RR, 0.71; 95% CI, 0.59 to 0.86). 10 A subsequent meta-analysis compared the risk ratio for fatal or nonfatal stroke in the statin trials (RR, 0.76; 95% CI, 0.62 to 0.92) to the rate in the nonstatin trials (RR, 1.02; 95% CI, 0.91 to 1.15), 11 raising the possibility that statins had properties independent of their lipid-modifying effects that were responsible for the reduction in ischemic strokes. 37, 38 More recent clinical trials not included in the published meta-analyses continue to demonstrate lower ischemic stroke rates in groups randomized to statin treatment. The LongTerm Intervention With Pravastatin in Ischemic Disease (LIPID) trial 13 found that statin use reduced the absolute rate of nonhemorrhagic stroke from 4.4% to 3.4%, with no effect on the rate of hemorrhagic stroke. The Prospective Pravastatin Pooling (PPP) Project 12 found a reduced total stroke rate that was due entirely to fewer ischemic strokes (RR, 0.77; 95% CI, 0.63 to 0.94). In the Heart Protection Study, simvastatin reduced the ischemic stroke rate (4.0% versus 2.8%), with no change in the hemorrhagic stroke rate (0.5% in both groups).
Gemfibrozil, a fibrate that raises HDL levels, reduced the risk of ischemic stroke by 31% (95% CI, 2 to 52) in men with coronary heart disease, 39 supporting the idea that HDL levels may be important in the pathogenesis of ischemic stroke. The TC:HDL ratio is an important risk factor for coronary heart disease, 30 and it incorporates both atherogenic and antiatherogenic lipid components. Because the pathophysiology of ischemic stroke may be similar to that of CHD, a high TC:HDL ratio may be an unrecognized risk factor for ischemic stroke. Our observational results are consistent with the possibility of increased risk in those with the highest levels of TC:HDL ratio.
A poor lipid profile has been clearly established as a risk factor for coronary heart disease, 3 a physiological process of plaque accumulation and rupture. 40 The classification of stroke subtypes in our study is important because only ischemic strokes are likely to be related to an atherosclerotic process. However, only some subtypes of ischemic stroke (eg, atherothrombotic stroke) may be related to lipids, and further classification of ischemic stroke subtypes is difficult, with low interobserver agreement. 20, 41 Our study has several strengths, including its prospective design, high interrater agreement in the classification of strokes that were confirmed by medical review, and complete follow-up. The study subjects are a relatively homogeneous population, which reduces potential confounding by variability in access to medical care, race-ethnicity, or socioeconomic status.
Our study has several limitations. The PHS consists entirely of apparently healthy, mostly white, middle-aged men and this may affect the generalizability of the findings to other populations. However, we have no reason to believe that the biological mechanism by which cholesterol and its subtypes may be associated with ischemic stroke is unique to our study population. In our multivariable model, we adjusted for major confounders, but as with all observational studies, the possibility of residual confounding might affect the results. The plasma blood samples were collected only at baseline in 1982, before widespread statin use, a treatment that would change cholesterol exposure variables. Although we do not have initial bloods collected for 30% of our baseline population, we do not expect this to be subject to selection bias, nor should it affect the interpretation of our results. We do not have direct measurements of low-density lipoprotein cholesterol and could not calculate low-density lipoprotein cholesterol for these samples because many were nonfasting. Triglyceride levels can be elevated after a meal, but previous analysis in this cohort found that adjustment for time since last meal had no material impact on the overall results. 22 Whether these blood samples provide an accurate assessment of a long-term exposure variable (eg, TC) is not known.
In conclusion, TC, HDL, and triglyceride level were not independent risk factors for ischemic stroke after multivariable adjustment. The TC:HDL ratio did not have a linear association with the risk of ischemic stroke; however, there was a suggestion of increased risk for those with a TC:HDL ratio in the highest quartile. Further research, including the results of an ongoing clinical trial of statin therapy for the secondary prevention of ischemic stroke, 42 is needed to elucidate the relationship between cholesterol components and the risk of ischemic stroke.
